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Abstract 
This paper presents the implementation of an Angle of Arrival (AoA) estimation algorithm using FPGA technology as a part of 
a Smart Train Positioning System (STPS). The STPS takes advantage of the combination of different technologies and 
techniques, such as GNSS and the AoA of the GSM-R signals, to determine the real time train position. Furthermore, a complete 
software AoA system simulator has been implemented and used to validate the implementation of the AoA algorithm in the 
FPGA. 
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Nomenclature 
ADC Analog to Digital Converter 
AoA Angle of Arrival 
DCM Digital Clock Management  
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EATS  ETCS Advanced Testing and Smart Train Positioning System 
ERTMS European Railway Traffic Management System 
ETCS European Train Control System 
FPGA Field-programmable gate array 
GNSS Global Navigation Satellite System 
GSM-R Global System for Mobile Communications – Railway 
MIMO Multiple Inputs Multiple Outputs 
MUSIC MUltiple SIgnal Classification 
N Number of estimated AoAs 
PMU(θ) MUSIC pseudospectrum 
S Autocovariance matrix 
UCA Uniform Circular Array 
UMTS Universal Mobile Telecommunications System 
1. Introduction 
In the recent years, the railway sector has recognized the importance of a more efficient use of the existing 
railway infrastructure. The heavily congested tracks are being used below their maximum capability. The latest 
advances to solve this problem focus on migrating from ETCS Level 2 to Level 3. ETCS Level 3 is defined in 
(SUBSET026) as “similar to level 2 but with train location and train integrity supervision based on information 
received from the train”. Hence, these advances must include the use of new on-board positioning system to meet 
the requirements of the ETCS Level 3. Deployment of the ETCS Level 3 will increase the efficiency of the railway 
operators, and decrease the infrastructure costs by up to 25% with respect to Level 2 (TRL 2010), and the railway 
efficiency will be increased by more than 50% compared to Level 2 (ERTMS 2007). Nonetheless, the migration to 
ETCS Level 3 has not been yet foreseen due to technical constraints as stated in (ERRAC 2007). The main difficulty 
detected by the railway industry in the on-board positioning systems is the inability of providing a real time train 
position at every point of the track. GNSS systems, the most widespread global positioning technology, suffer from 
coverage problems mainly in urban environments, as well as in some environment orography such as canyons or 
tunnels. 
In this context, the contribution of the EATS project (EATS) (FP7-TRANSPORT-314219) is to develop the 
Smart Train Positioning System (STPS). This system takes advantage of the combination of different technologies 
and techniques, such as GNSS and the AoA estimation of the GSM-R signals, to determine the real time train 
position. This paper shows important advances in AoA estimation with signals received from the GSM-R antennas. 
For that, the two main developments have consisted of: 
1. Implementation of an AoA estimation system based on MUSIC (Schmidt et al 1986) algorithm employing the 
FPGA technology. 
2. Development and implementation of an AoA estimation system simulation tool in MATLAB. 
The AoA estimation system makes the most of the full GSM-R coverage required in ETCS level 2. Therefore, 
this technology will show a full coverage and will be controlled by the railway industry itself. This system consists 
of three blocks: the antenna array, the frontends and the AoA algorithm implemented in the FPGA technology. The 
algorithm chosen for the estimation of the angle is the MUSIC algorithm, which allows the estimation of the AoA of 
multiple signals incident on an antenna array. This paper is focused on describing the implementation and the 
validation of the MUSIC algorithm in the FPGA, and describing the implementation of the simulation tool used in 
the validation process. 
The MATLAB simulation tool models the whole AoA estimation system. For that, several different blocks, 
which model different parts of the system, have been developed. Such a modular approach allows to independently 
configure each of those blocks and evaluate their impact on the whole signal processing chain and eventually on the 
AoA estimation. As a consequence, it is possible to test the system for many different configurations of individual 
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components and find the one that best meets the requirements of the user. Furthermore, this simulation platform is 
used as a validation tool for the hardware implementation of the AoA estimation system.  
This paper is organized as follows. Section 2 briefly describes the STPS system. Section 3 describes the AoA 
system simulator, as well as the Matlab simulations. Section 4 shows the MUSIC implementation in an FPGA, and, 
finally, conclusions are drawn in section 5. 
2. Smart Train Positioning System 
2.1. STPS definition 
The STPS system is based on a MIMO (Multiple Input Multiple Output) strategy that combines signals obtained 
from multiple sources: GNSS and Wireless Communication Technologies positioning (UMTS, GSM-R) using 
multiple receivers for each source type (Arrizabalaga 2014). The position is estimated on-board, using all the 
available signals.  
2.2. STPS architecture 
Fig. 1 presents the high level architecture of the STPS. It combines different technologies to perform the 
estimation of the train position. Usually, GNSS technologies are used to provide positioning information, however, 
the availability of GNSS-based estimation is limited to locations at which a minimum of four satellites is visible to 
the antenna. Therefore, the reliability of this technology in areas such as tunnels or in the forest is low. Due to this 
limitation, the STPS takes advantage of other signals, especially the GSM-R signals, as they are always available 
due to the full GSM-R coverage along the rail tracks starting at ETCS Level 2. Due to this fact, the AoA estimation 
is really relevant in order to achieve a system able to position itself along the entire railway, which is one of the 
requirements to migrate to ETCS level 3. 
 
 
Fig. 1. Block diagram of the STPS. 
2.3. STPS AoA estimation 
The AoA estimation used in the STPS employs the MUSIC algorithm (Schmidt 1986). This algorithm has the 
purpose of estimating N angles of arrival of the signals incident on the antenna array. It allows for much higher 
precision in estimating the direction of arrival than traditional beamscan algorithm. 
In MUSIC a pseudospectrum PMU(©) is computed for different values of the possible angle of arrival θ (the 
particular choice of θ’s depends on the angular resolution that is required) using the steering vector of the antenna 
array and selected eigenvectors of the autocovariance matrix S of the input signals. The first N highest peaks in the 
pseudospectrum correspond to the N angles of arrival to be estimated.. 
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3. AoA system simulator 
3.1. Objectives 
The main aim of the simulator is to provide a platform to validate the MUSIC implementation in the FPGA. It 
also allows evaluating the different components of the AoA system and their characteristics, using the interface of 
the platform, and their impact on the performance of the overall system, which is highly important in order to design 
the complete AoA system. 
3.2. Simulator architecture 
The architecture of the simulator is shown in the Fig. 2, which can be divided in two main parts: 
 
a) Analog part: All the blocks of the AoA system that use analog signals are modeled in this part: the signal 
generators, the antenna array, the front-ends and the ADC. 
b) Digital part: It models all the blocks, which work only with digital signals, which basically are the different 
stages of the MUSIC algorithm, where the AoAs are calculated. Hence, the validation of the FPGA 
implementation is done against this part of the model. Note that this part does not model the behaviour of the 
FPGA, it just models the algorithm (MUSIC) that is implemented in the FPGA. The modelling of the MUSIC 
algorithm is divided into 4 different blocks, as it is explained in the section 4.  
 
 
 
Fig. 2. AoA system block diagram. 
3.3. Simulator GUI 
Fig. 3 shows the implemented GUI, in which the components of the AoA system can be configured directly from 
the panel. 
The simulation tool allows generating test cases for the validation of the FPGA. It generates the needed snapshots 
for a given angle, and provides the estimated AoA that has to be obtained from the FPGA when the snapshots are 
passed through the MUSIC algorithm. Apart from using the simulator as a validation tool, it can be also used to find 
the optimum configuration of the algorithm. For example, the number of expected signals incident on the antenna 
array, or angular resolution, which are both internal parameters of the MUSIC algorithm. The simulation tool can 
work with double or single precision arithmetic, the latter used when validation data for the hardware 
implementation is generated. 
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Fig. 3. AoA system simulator. 
3.4. Simulation results 
The best configurations of the different parameters of the algorithm are selected using the simulation results. 
Parameters such as number of antennas in the array, number of snapshots, signal-to-noise ratio and angle of arrival 
have been varied in order to see their effect on the AoA estimation performance. Below some of these simulations 
are shown. 
 
a) AoA estimation error as a function of the number of snapshots. 
As it is shown in the Fig. 4, the performance of the AoA estimation does not improve beyond 
approximately 30 snapshots. This is contrary to what is argued in (Schmidt 1986) that the MUSIC algorithm is 
asymptotically unbiased even for multiple incident wave fronts. This is true, but, the pseudospectrum PMU(θ) 
is computed only for a finite number of the values of the angle of incidence θ. 
 
Fig. 4. AoA estimation error as a function of the number of snapshots. 
  
1955 Mikel Arenas et al. /  Transportation Research Procedia  14 ( 2016 )  1950 – 1956 
This results in a finite angular resolution that cannot be overcome by increasing the number of snapshots. 
What’s more, the angle of incidence has been purposely chosen for the simulation whose results are shown 
here in such a way that it would not coincide with any θfor which PMU(θ) is computed. Otherwise, the angle 
would almost always be estimated perfectly, a not realistic scenario. The number of the values of θ is, 
therefore, the limiting factor. Hence, increasing the number of snapshots used in the calculation above this 
value, does not improve the estimation of the angle. 
 
b) AoA estimation error as a function of the angle of arrival of the incident signal.  
As it is shown in Fig. 5, the error across the entire range of the angles is approximately constant.  
 
Fig. 5. AoA estimation error as a function of the angle of arrival of the incident signal. 
4. MUSIC implementation in an FPGA 
A new architecture of the implementation of the MUSIC algorithm has been defined. Fig. 6 shows the different 
modules of this implementation, which can be divided into two main parts; data pre-processing, and the MUSIC 
algorithm. 
Data pre-processing performs all the needed processes before starting with the MUSIC algorithm. These 
processes are divided into 4 different blocks, which are: 
a) DCM (Digital clock management): This block is in charge of generating the clock that is sent to the front-
ends. 
b) Capture snapshots: The synchronization of the front-ends is performed in this block. The capture frequency 
is the same as the sampling frequency. 
c) Signal conditioning: This block performs the normalization of the incoming snapshots, as well as the 
conversion to single precision floating point. 
d) Hilbert filter: As the MUSIC algorithm works with complex data; this block filters all the captured snapshots 
(real signals) in order to obtain the corresponding IQ signals. 
e) Prepare data post COV: This last block converts the signals to zero-mean, which is required for the correct 
covariance computation in the COV block. 
The implementation of the MUSIC algorithm, as it is represented in Fig. 6, is composed of the following 
4 blocks: 
a) COV: This block computes the covariance matrix S of the received snapshots. 
b) EVD: This block performs the eigenvalue decomposition of the covariance matrix S. 
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c) En: This block finds the M-N smallest eigenvalues and the eigenvectors that correspond to those values. 
d) Pmu:This block calculates the pseudospectrum function PMU(©) and finds the estimated angles of arrival.  
e) Some additional blocks have been implemented so that that the above blocks could operate with complex data. 
The RS232 block sends the estimated angle to the PC via an RS232 connection for on-screen display. 
  
Fig. 6. FPGA MUSIC implementation. 
5. Conclusions 
The MUSIC algorithm as a part of an AoA estimation system has been implemented using VHDL for real-time 
execution in an FPGA. The design has been implemented using single-precision floating point arithmetic. The AoA 
determination will be employed by STPS as an additional input source in order to provide on-board train positioning 
to allow migration from ETCS Level 2 to Level 3.  
By employing the AoA simulator, the implementation of the AoA estimation algorithm has been validated. 
Moreover, the simulator showed that angular resolution in the evaluation of the pseudospectrum in the MUSIC 
algorithm is the most limiting factor into what level of AoA estimation error can be achieved. 
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